The authors study the transport properties of magnetic tunnel junctions ͑MTJs͒ with underoxidized 9 Å AlO x barriers suitable for magnetoresistive sensors in high-density storage devices. Temperature dependent measurements revealed different dominant transport mechanisms in different junctions: tunnel, metallic, or both, depending on the MTJ-magnetic state. This denotes a competition between two conductance channels ͑tunnel through oxidized AlO x and metallic through unoxidized Al nanoconstrictions͒, so that the dominance of one over the other is the outcome of small structural and composition variations in the barrier. Furthermore, transport through the Al nanobridges is spin dependent, caused by ballistic and/or diffusive magnetoresistance through nonmagnetic metallic paths. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2430482͔
Magnetic tunnel junctions ͑MTJs͒ consisting of two ferromagnetic ͑FM͒ layers separated by an insulating barrier are replacing spin valves ͑SVs͒ as the read element in highdensity hard drives. 1 Requirements for MTJ-sensor implementation include low resistance-area product ͑RA͒ and reasonable tunnel magnetoresistance 2 ͑TMR͒ and are usually obtained using ultrathin tunnel junctions ͑barrier thickness t ϳ 5-6 Å͒. Similar MTJ characteristics can be obtained by producing partially oxidized 9 Å AlO x barriers. 3 In fact, decreasing oxidation time led to the decrease of RA͑ϳ2-5 ⍀ m 2 ͒, with fairly high TMR ͑ϳ20% ͒ still observed even in the extremely underoxidized nanostructures. Interestingly, a small number of MTJs showed very low RA͑Շ0.5 ⍀ m 2 ͒ while preserving the same TMR. A very large MR enhancement was also recently observed in current confined path ͑CCP͒ SVs, having an AlCu oxidized spacer. A thin AlO x layer is then formed having embedded narrow conductive Cu channels. The questions on the origin of the large MR in these systems and the influence of possible spindependent ballistic transport through Al or Cu nanocontacts remain to be answered.
Although ballistic magnetoresistance ͑BMR͒ was theoretically predicted, 5 its experimental observation remains controversial. 6, 7 BMR experiments are usually performed in FM nanocontacts ͑physical dimensions in the range of 10-100 Å͒ between FM electrodes, 6, 8 and the effect is explained in terms of spin-dependent domain wall scattering. Experimentally, BMR values of more than 3000% were reported, 8 but other results suggested that such large R variations may be due to artifacts. 7 More recent experiments on single atom conductors showed also large BMR values that apparently cannot be attributed to such artificial phenomena. 6 The similitude between BMR and TMR ͑for spinconserving transport͒ was discussed by Garcia, 9 who stated that electron transport through thin domain walls at a nanocontact should be analogous to tunneling in MTJs. In fact, BMR ͑Ref. 9͒ and TMR ͑Ref. 10͒ depend equally on the FM electrodes' spin polarization ͑P͒. Thus, pinholes can be present in thin TJs and give rise to large BMR, and, based on MR measurements alone, one cannot distinguish between currents arising from tunneling or pinholes. In this letter we study the magnetotransport of MTJs oxidized during an extremely small time, for which TMR ϳ20%. We measured the temperature ͑T͒ dependence of R and TMR in the 300-20 K range. Different R͑T͒ behaviors were observed in different MTJs simultaneously deposited in the same wafer: tunnel dominated transport ͑dR / dT Ͻ 0͒, metallic-like R͑T͒ behavior ͑dR / dT Ͼ 0͒, and, strikingly, a mixture of the two, depending on the magnetic configuration of the pinned/free layers ͓metallic for the parallel ͑P͒ and tunnel for the antiparallel ͑AP͒ state͔. This evidences the competition between tunneling and diffusive/ballistic transport and that metallic nanoconstrictions ͑unoxidized Al͒ play a crucial role in the magnetotransport of these underoxidized TJs. We will show that transport through the metallic channels is spin dependent, leading to the fairly large MR values observed. In fact, the tunnel magnetoresistance is found to be limiting MR of these nanostructures. The spin-dependent transport in metallic ͑nonmagnetic; NM͒ nanoconstrictions will be discussed, causing ballistic and/or diffusive MR.
Tunnel junctions with the structure NiFe ͑70 Å͒ / CoFeB ͑50 Å͒ / AlO x ͑9 Å͒ / CoFeB ͑40 Å͒ /Ru ͑6 Å͒ / CoFeB ͑40 Å͒ / MnIr ͑250 Å͒ ͑Ref. 3͒ were deposited using ion beam deposition and patterned to a rectangular shape ͑A =1ϫ 1-3 ϫ 8 m 2 ͒. The sample was deposited in A059 corning glass substrates where 500 MTJs were patterned. The AlO x barrier was formed after 9 Å Al deposition and oxidized for 25 s at 6.5ϫ 10 −5 Torr by a remote 4 SCCM Ar+ 20 SCCM O 2 plasma formed in the assist gun ͑SCCM denotes cubic centimeter per minute at STP͒.
oxygen from reaching the sample. An Al/ AlO x ͑ജ9 Å͒ continuous layer thus completely separates the FM electrodes, so that no regions of direct contact between them exist. 3 However, due to the low oxidation time, the AlO x layer is not expected to be uniform throughout the whole wafer and the amount of oxygen locally present in the barrier varies from tunnel junction to tunnel junction.
Current-voltage characteristics of the studied series of TJs with 25 s oxidation time exhibit a quasi-linear behavior up to breakdown. 13 Fitting our data to the model of Simmons gives the barrier thickness ͑t Ϸ 4.5 Å͒ and height ͑ Ϸ 0.4 eV͒. The extremely small values obtained indicate that only part of the initially deposited Al layer ͑9 Å͒ was oxidized ͑low barrier thickness͒ and that the present AlO x is likely not stoichiometric ͑low barrier height͒. Figure 1 displays the temperature dependence of the resistance in the parallel ͑R P ͒ and antiparallel ͑R AP ͒ magnetic configurations of two different tunnel junctions ͑MTJ1 and MTJ2͒ of the studied sample. The corresponding TMRs are shown as insets. In Fig. 1͑a͒ we observe that the electrical resistance of MTJ1 ͑RA Ϸ 3.4 ⍀ m 2 ; A =3ϫ 8 m 2 ͒, in both P and AP states, exhibits a small, negative dR / dT slope, indicating tunnel dominated transport ͑which, however, does not exclude the presence of pinholes in the barrier͒.
14 Defining a relative R-change parameter ␣ = ͑R 300 K − R 20 K ͒ / R 300 K , we obtain for MTJ1 ␣ P = −8.7% and ␣ AP = −11.8% for the parallel and antiparallel states, respectively. Also, TMR slightly increases with decreasing T.
On the other hand, a different tunnel junction of the same wafer ͑MTJ2; RA Ϸ 13 ⍀ m 2 ; A =3ϫ 8 m 2 ͒ displays a different R͑T͒ dependence ͓Fig. 1͑b͔͒: Both R P and R AP exhibit a positive dR / dT slope, denoting a metallic-like behavior with ␣ P = 10.2% and ␣ AP = 1.4%. This occurs even though the electrical resistance ͑and RA͒ of MTJ2 is higher than that of MTJ1. Also, TMR increases considerably more with decreasing temperature. Thus, although tunnel ͑which would lead to dR / dT Ͻ 0͒ is not the dominating transport mechanism in MTJ2, a large MR is still observed.
We conclude that two parallel conductance channels exist in the studied MTJs: tunnel with resistance R t and metallic with resistance R m . The dominance of one over the other is expected to arise from small structural and composition variations in the AlO x layer, at a micrometric scale. In particular, NM nanobridges of metallic unoxidized Al connecting both FM electrodes play an important role in the transport properties of these extremely underoxidized MTJs. Differences in the measured TJ-electrical resistance and corresponding temperature dependence should then result either from incipient barrier thickness or height variations ͑chang-ing R t ͒ or from different Al-nanobridge area ͑changing R m ͒. Such effects are also responsible for the distribution of RA and TMR values, which are observed even throughout a wafer of well oxidized MTJs.
We can model the electrical resistance of underoxidized TJs as two resistors in parallel, one arising from metallic paths through unoxidized Al and the other from tunneling through the oxidized AlO x . Let us for now assume the existence of a single nonoxidized metallic constriction of radius a and electrical resistivity . If the electrical resistance of a fully oxidized tunnel junction is R t0 ͑t , ͒, one can write R t = R t0 A / ͑A − a 2 ͒ϷR t0 , since a 2 Ӷ A ͑see below͒. On the other hand, R m is, for simplicity, considered to be given by the Maxwell formulation, R m = /2a. Within this model, Fig. 2 illustrates how small variations in t ͑or a͒ would change R t ͑R m ͒ and the total resistance R −1 = R t −1 + R m −1 . A small variation of t ͓Fig. 2͑a͔͒ causes a change in the dominant transport mechanism for reasonable MTJ/constriction parameters ͑see below͒. As an example, if t increases just from 8.7 to 8.9 Å, R t changes from below to above R m Ϸ 1.1 ⍀. On the other hand, with increasing constriction radius a ͓Fig. 2͑b͔͒ the dominant transport mechanism changes from tunnel to metallic. This extreme conduction sensitivity ͑interplay between metallic and tunneling transport͒ is certainly responsible for the wealth of R͑T͒ behaviors observed. In MTJ2, which displays a metallic behavior one has R m Ͻ R t . If we assume R m Ϸ R t , = 1 eV, and =10 ⍀ cm, we obtain t Ϸ 8.8 Å and a Ϸ 450 Å, corresponding to a metallic constriction area A m Ϸ 6000 nm 2 or Ϸ0.03% of the total TJ area.
One would expect that unoxidized Al constrictions in the insulating barrier sharply decrease MR. However, in the studied underoxidized MTJs we still have MRϳ 20%, even when dR / dT Ͼ 0. If transport through the metallic constrictions were spin independent ͑and considering R m Ϸ R t ͒, TMR would have to be ϳ50%. This value is even larger than that observed in similar samples with much higher oxidation times 3 and is similar to those of MTJs with optimized oxidation. Spin-dependent metallic conductance through nanobridges is thus crucial to explain our MR results. This is further confirmed in Fig. 3 , displaying the R͑T͒ dependence of two other tunnel junctions from the same wafer ͑MTJ3 and MTJ4; RA Ϸ 4.6 ⍀ m 2 ; A =1ϫ 2 m 2 ͒. Strikingly, these junctions display overall negative dR / dT for the antiparallel state ͑␣ AP = −3.3%, −7.2%; notice the cross- 
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over from dR / dT Ͻ 0 to dR / dT Ͼ 0 in MTJ3 at T Ϸ 75 K͒ and positive dR / dT for the parallel state ͑␣ P = 3.5%, 2.4%͒.
Since one obviously has R t P Ͻ R t AP , if transport through the metallic nanobridges was spin independent ͑R m P = R m AP ͒ the metallic conductance should be further visible in the antiparallel state. This contradicts our data, which show a change from metallic to tunnel dominated transport when the MTJ goes from P to AP. Not only is transport through NM Al constrictions spin dependent, but we further conclude that the MR arising from metallic transport is larger than that arising from tunnel. In other words, the tunnel magnetoresistance is limiting MR in these junctions. We must then take into account other magnetoresistive mechanisms, such as ballistic and/or diffusive spin-dependent transport in nanoconstrictions. To estimate relevant TJ parameters we again assume R t Ϸ R m and take the MTJ3-parallel state at 20 K. Thus, R m , R t Ϸ 2R P = 4.3 ⍀, and we obtain t Ϸ 7.6 Å and a Ϸ 115 Å. Although our temperature dependent data give evidence for the existence of metallic paths through the barrier, direct structural characterization is needed to confirm estimated constriction radius. However given the estimated smallness of the constriction radius, direct observation of a definite hot spot in a transmission electron microscopy ͑TEM͒ cross section is very difficult. Nevertheless, one remarks that severe barrier irregularities were observed by TEM in similarly deposited MTJs with greater oxidation times, 3 making the occurrence of hot spots plausible. The estimated a values ͑a ϳ 100-500 Å͒ are larger than the electron mean free path ͑ᐉ͒ in Al, suggesting diffusive transport. However, such a values should be taken only as an upper limit, since it is likely that several nanobridges are present in the MTJs. For N constrictions with radius a i ͑Ͻa͒, we have R m
Also, the relevant parameter in our system is expected to be the spin flip length ͑ᐉ sf ͒, which can be much larger than ᐉ. In previous ballistic MR experiments in FM nanocontacts, the magnitude of the BMR effect decreases sharply with the increase of contact area, 15 since the width of the domain wall scales with the nanocontact size. However, this is not the case in underoxidized TJs with NM nanocontacts. Here, the BMR effect should arise from the abrupt magnetization reversal sensed by electrons crossing the thin unoxidized Al bridge 16 and thus scale differently with contact area.
Theoretically, transport through nonmagnetic constrictions does not even need to be ballistic to cause large MR effects. [16] [17] [18] A smooth MR decrease is indeed predicted when the transport regime goes from ballistic to diffusive ͑a crossover region where the usual current perpendicular to the plane-MR equations are not valid 18 ͒, but still allowing values as high as 500% in the near-diffusive regime. 16 Studies on NM nanoconstrictions connecting two large FM electrodes also predict a MR decrease with increasing constriction radius, allowing MR values of ϳ60% for a = 200 Å while still controlling R. 17 Experimentally, it was recently shown in CCP-SVs that transport through Cu nanoconstrictions indeed displays enhanced spin-dependent interface scattering. 4 Thus, whether the system under study is in the ballistic or diffusive regime, a large MR effect should occur in the nonmagnetic Al nanobridges for not too large a values ͑Շ10 2 Å range͒. Such nanobridges are the origin of the metallic, spindependent transport in underoxidized TJs.
In conclusion, R͑T͒ measurements on extremely underoxidized MTJs allowed us to show the existence of spindependent transport through narrow metallic channels in the barrier. We discussed this effect in terms of ballistic and diffusive MR through NM nanoconstrictions. The MR of the studied system was shown to be limited by tunneling. The observed different R͑T͒ behaviors were associated with slight changes in TJ parameters, at the micrometric level. Work to obtain metallic nanoconstrictions in the insulating barrier in a direct controlled way is currently underway.
